Initiation is a highly regulated, rate-limiting step in transcription. We employed a series of approaches to examine the kinetics of RNA polymerase (RNAP) transcription initiation in greater detail. Quenched kinetics assays, in combination with magnetic tweezer experiments and other methods, showed that, contrary to expectations, RNAP exit kinetics from later stages of initiation (e.g. from a 7-base transcript) was markedly slower than from earlier stages. Further examination implicated a previously unidentified intermediate in which RNAP adopted a long-lived backtracked state during initiation. In agreement, the RNAP-GreA endonuclease accelerated transcription kinetics from otherwise delayed initiation states and prevented RNAP backtracking. Our results indicate a previously uncharacterized RNAP initiation state that could be exploited for therapeutic purposes and may reflect a conserved intermediate among paused, initiating eukaryotic enzymes.
Introduction:
Transcription of genomic DNA requires formation of an RNA polymerase (RNAP)-promoter initially-transcribing complex (RP ITC ), in which RNAP unwinds DNA and generates a mechanically-stressed intermediate (1) through DNA scrunching (2, 3) . In transcription initiation, the interaction of the σ70 subunit of RNAP with the promoter creates a physical barrier for the nascent RNA transcript (4, 5) . For productive transcription to take place this barrier must be removed (4, 6) , otherwise RNAP will enter repeated cycles of unsuccessful transcription attempts known as abortive initiation (7, 8) .
When RNAP experiences multiple cycles of abortive initiation, release of the nascent RNA is rate limiting for each cycle (3, 9) . The release of an abortive transcript is achieved by consecutive backward DNA translocations, in which the short RNA transcript backtracksthrough the secondary channel until it is released.
To study the mechanism of transcription initiation in greater detail, we developed a solution-based, single-run quenched kinetics transcription assay that measures the kinetics of run-off RNA products. Using this assay we assessed the kinetics out of NTP-starved RP ITC states using an E. coli transcription system reconstituted out of wt RNAP subunits. We also performed quenched kinetics assays using standard in vitro approaches to examine abortive initiation in various contexts, including NTP starvation. Lastly, we performed single-molecule magnetic tweezers experiments to monitor temporal trajectories of RNAP-DNA complexes during transcription initiation.
Results and Discussion

Single-round transcription quenched kinetics assay
To quantitatively study the mechanism of transcription initiation by RNAP, we developed a single-round quenched kinetics assay ( Fig. 1) to probe the kinetics of transcription by directly counting the number of transcripts produced over time. Using this assay, we examined the kinetics of E. coli RNAP transcription from distinct RP ITC states generated via NTP starvation (Figs. 1A & 1B) . Because transcription initiation is much slower than elongation (i.e. initiation is rate-limiting) (9) , the synthesis of relatively short, yet fulllength RNA products (39-and 41-base transcripts) reflects the rate of transcription initiation (Figs. 1C & 
1D).
The quenched kinetics transcription assay is based on quantification of single run-off transcripts by hybridization with a doubly-labeled ssDNA probe (Fig. 1B) . The number of hybridized probes (and hence the number of transcripts) is accurately determined using µs alternating-laser excitation (µsALEX)-based fluorescence-aided molecule sorting (ALEX-FAMS) (10, 11) (Fig. 1C) . ALEX-FAMS is a method based on single-molecule Förster Resonance Energy Transfer (smFRET) (12) . A significant advantage of smFRET and ALEX-FAMS is their ability to identify distinct populations in a model-free manner, simply by counting single-molecule events of one sort (with a given FRET efficiency population) and comparing their number to the count of single-molecule events of another sort (representing a distinct FRET efficiency population) (10, 11, 13, 14) (Fig. 1C) . Hence, FAMS is a suitable method for the quantification of run-off transcripts at picomolar probe concentrations. At such low RNAP-promoter concentrations, the time for re-association of σ70 with the RNAP core enzyme and the time for re-association of the formed holoenzyme with the promoter are longer than the time for a single transcription run; therefore, single-run reaction conditions are achieved. We designed the transcribed DNA sequence so that the probe hybridization sequence was at the end of the transcript (Fig. 1A) . Therefore, probe hybridization will not interfere with transcription initiation.
The ssDNA probe was doubly-labeled with a FRET pair. When free in solution, the probe yields a single FRET population with peak FRET efficiency of E~0.75. Hybridization with the run-off RNA transcript yields a FRET efficiency population with a lower peak value of E~0.3, due to the probe being stretched via hybridization to the 20A target sequence segment of the run-off transcript. Using this assay to assess transcription initiation kinetics required: (i) formation of a stable initial state, (ii) addition of NTPs at zero timepoint, (iii) efficiently and rapidly quenching the reaction at selected times, (iv) promotion of full hybridization of the ssDNA FRET probe to transcripts, and (v) prevention of RNA degradation.
We designed the initial transcription sequence (ITS) of the lacCONS (15, 16) (Fig. 1A) or T5N25(3) (Fig. S1 ) promoters so that RNAP would transcribe abortive products of varying maximal lengths upon addition of a partial set of NTPs (Fig. S1) . Run-off transcript production kinetics, starting from an NTPstarved state, were measured using a constant t entrance and varying t exit incubation times. Stable open complexes were formed by adding an initiating dinucleotide (A p A or A p U in the case of lacCONS or T5N25 promoter, respectively) to achieve RP ITC=2 . To stabilize an RP ITC state (RP ITC≤i , i ϵ [4, 6, 7] ) or a RNAP-DNA Elongation (RD E=11 ) complex, RP ITC=2 was incubated for a given time, t entrance , in the presence of a partial set of NTPs. The missing NTPs were then added and the system was incubated for another time period, t exit (Fig. 1B) . The transcription reaction was then quenched by adding 0.5 M guanidine hydrochloride (GndHCl). GndHCl served both as a reaction quencher (Fig. S2) and as an enhancer of hybridization of the ssDNA FRET probe to the run-off transcript (Fig. S3) . After quenching the transcription reaction, the 20-base ssDNA FRET probe was added, followed by FAMS-ALEX measurements to determine the number of run-off transcripts per time point (Fig. 1C) .
Slower transcription initiation kinetics from select NTP starved states
We anticipated that RNAP transcription kinetics from a late RP ITC≤i state ('exit kinetics') would be similar, if not faster, than from an early RP ITC≤j state (i>j). Strikingly, however, we observed that exit kinetics from the RP ITC≤4 , RP ITC≤6 , or RP ITC≤7 states were slower than from RP ITC=2 state (Fig. 1D) . In fact, whereas exit kinetics from RP ITC=2 was similar to that of RNAP already in the elongation state (RD E=11 ), exit kinetics from RP ITC≤7 was at least 3.5-fold slower (Table S1 ). These results suggest that, contrary to existing models, a previously undetected state exists for RNAP initiation complexes (RP* ITC≤i , Fig. 1E ). Importantly, this state was transient and overall RNAP activity remained unchanged, given that all "delayed" RNAP complexes (RP ITC≤4 , RP ITC≤6 , or RP ITC≤7 ) eventually transitioned to elongation (Fig. 1D) .
Delayed initiation kinetics associated with backtracking
It is well-established that elongating RNAP enzymes can backtrack and pause (17, 18) . In such circumstances, the nascent RNA 3'-end backtracks into the secondary channel, where it is subject to endonucleolytic cleavage by the GreA-RNAP complex (17, 19, 20) . To test whether delayed exit kinetics for RP ITC≤7 was due to backtracking during initiation, we assessed the effect of GreA using our single-round quenched kinetics assay. As shown in Figs. 2A & 2B, 1 Table S1 ). These results are consistent with GreA-dependent release of RNAP from a backtracked and paused state during initiation.
To further test the effect of GreA during RNAP transcription initiation, we performed in vitro transcription assays in which 32 P-labeled RNAP transcripts were quantitated following poly-acrylamide gel electrophoresis (PAGE). This enabled identification of various abortive initiation products (band assignment in Fig. S4A ) and thus provided a means to determine whether GreA catalyzed cleavage of short transcripts during transcription initiation. As shown in Figs. 2C & 2D, the 7-base abortive RNA product was not generated in the presence of GreA. Because GreA stimulates cleavage only of "backtracked" RNA (i.e. with the 3'-end inserted into the secondary channel), these data, combined with our single-round kinetics data, confirmed that RNAP is capable of backtracking during transcription initiation. Because 5-and 6-base transcripts co-migrate on the polyacrylamide gels, we cannot confirm whether one, two, or both one and two bases are cleaved by GreA in this assay (see Methods).
RNAP backtracking and pausing observed with all NTPs present
Although reduced NTP levels may occur in vivo (e.g. metabolic stress), the absence of select NTPs is unlikely. Therefore, we next asked whether RNAP backtracking during initiation would occur under more physiologically relevant conditions. We initially examined transcription with the quenched kinetics assay under NTP concentration imbalance (UTP and GTP >> ATP and CTP at the lacCONS promoter and UTP and ATP >> CTP and GTP at the T5N25 promoter). Consistent with the results described above, we observed a delay in exit kinetics from the RP ITC=2 state under conditions of NTP imbalance (compared to equimolar conditions; Fig. S5 ) at each of the two different promoter templates tested (Fig. S1 ).
The single-round quenched kinetics and transcription assays with 32 P-labeled UTP are ensemble experiments, which cannot reliably detect rare events. Indeed, with all NTPs in equimolar amounts (100 µM), we did not observe the 7-base abortive transcript, suggesting that when NTPs are abundant, RNAP rarely backtracks from the RP ITC≤7 state (Fig. S4B) . To detect potentially rare intermediates under more physiologically relevant conditions of equimolar NTPs, we implemented magnetic tweezers experiments with supercoiled promoter templates (Fig. 3A) . (Fig. S6) . Thus, the presence of GreA increased the number of events associated with a larger bubble size and caused a net reduction in lifetime (Fig. S6D & S6E, quadrants) . These data further support the existence of a long-lived backtracked state during initiation and reveal a role for GreA in preventing RNAP from entering this state.
Conclusions
Our results support the existence of a previously uncharacterized state in which RNAP backtracks and pauses during transcription initiation; moreover, GreA and NTP availability appear to play key roles in regulating the flux in or out of this state. Because basic mechanisms of transcription by RNA polymerases are broadly conserved (21) 
Design and measurement of the transcription kinetics:
To produce run-off transcripts, high-purity ribonucleotide triphosphates (NTPs) (GE Healthcare, Little
Chalfont, Buckinghamshire, UK) were used in all transcription reactions at 100 μM each. To obtain a specific initiation or elongation state, only a partial set of NTPs was used. The choice of the partial set of
NTPs depended on the sequence of the coding region of the nontemplate strand of the promoter used The negative control measurement yields a single high FRET efficiency population and serves as the "t=0" time point. The positive control measurement results in a 90±% of the bursts belonging to the low FRET efficiency sub-population and serves as the asymptotic kinetic value at very long times, "t=∞".
The difference between exit kinetics from RP ITC=2 and exit kinetics from an NTP-starved state, both prepared from the same batch, is solely the time at which all four NTPs were added. All other experimental conditions (concentrations, temperature, etc.) are identical per batch. Therefore, any changes in activity that may be caused solely due to the starvation of NTPs will show a change in the hybridized fraction in long timepoints of the kinetic trace. Such comparisons were routinely performed and have never shown a difference in the long timepoint baseline between the two kinetics from RP ITC=2 and from NTP-starved states (within 5% error). Therefore, the abovementioned positive control served as a proof that experimental conditions (e.g. All quenched kinetics data were globally fit to a simplified model that allows the run-off production kinetics to go either directly from an on-pathway initiation state (On) to elongation (RunOff) or to start at an offpathway state (the backtracked and paused state; Off) and then go to elongation through slow recovery to the on-pathway initiation state as in the following schematics: (1) The data was globally fitted to the model assuming the on-pathway state is RP ITC=2 , hence kinetics starting from RP ITC=2 is fitted with the model assuming that at t=0 all molecules are occupying the on-pathway state, while kinetics starting from RP ITC≤4,6,7 is fitted assuming at t=0 all molecules are occupying either the onpathway or the off-pathway initiation states.
The results of the global fit are shown on the figures as continuous lines and the best fit values (the rate constants and the on-pathway population at t=0) are reported in Table S1 .
smFRET analysis for the quantification of transcription kinetics
Dual-color fluorescence photon-timestamps from freely diffusing molecules are recorded using an ALEX-FAMS set-up ( (10, 11) ). Fluorescence bursts are identified in the recorded stream of photon-timestamps, and the number of photons in a burst and the burst start/stop times are tabulated. Each burst is identified using an sliding-window burst search that looks for consecutive m(=10) photons exhibiting a count rate higher than a given threshold parameter F(=6) times the background rate ( (38, 39) ). The background rate is estimated as a function of time (typically over time-durations of 30s) via maximum likelihood fitting of the inter-photon delays distribution. This assures that slow changes in the background rate are accounted for. In singlemolecule μsALEX analysis, three streams of photons are analyzed: donor and acceptor fluorescence photons during green laser excitation (noted here as DD and DA, respectively), and acceptor photons during red laser excitation (noted here as AA). Burst photon counts in each of these photon streams, are backgroundcorrected by subtracting the burst duration times the background rate. First, an all-photon (all streams) burst search is applied. After filtering for bursts with sizes larger than 25 photons, the proximity ratio and the stoichiometry are calculated for each burst to identify the sub-population of bursts where both donor and acceptor are active (FRET sub-population), sub-population of donor-only fluorescence bursts (DO), and subpopulation of acceptor-only fluorescence bursts (AO) ( (40)). Next, correction factors are calculated according to Lee et al.(40) . These correction factors include the donor fluorescence leakage into the acceptor detection channel (lk~0.07), factor that accounts for acceptors directly excited by the green laser (dir~0.04) and the factor correcting for differences in donor and acceptor quantum yields and detection efficiencies (γ~0.61).
Next, a dual channel burst search (DCBS; intersection of bursts from green excitation burst search and red excitation burst search) ( (41)) is performed using m=10 and F=6, in order to isolate the FRET-only subpopulation for further analysis. After all correction factors are applied, the following two conditions are used to isolate smFRET data (on results of DCBS with m=10 and F=6):

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Each transcription quenched kinetics time point consists of the same two FRET populations but with different fractions that follow the evolution of the run-off transcript production (Fig. 1C) . All corrected FRET histograms of all time points in a given kinetic trace are globally fitted to a sum of two Gaussians. In the context of the global model, the means and widths of the sub-populations are constrained to be constant as a function of time (i.e. the same for all datasets), while the amplitudes are left free to vary for each timepoint.
The background-dependent burst search and selection in this work was performed using FRETBursts, an open source burst analysis program for smFRET data (42) . Model fittings were performed using Matlab scripts (MathWorks Matlab, Natick, MA, USA) through the lsqcurvefit nonlinear regression function.
Transcription assays visualizing abortive product formation using urea-denaturing PAGE analysis of [ 32 P]-radiolabeled RNA products
Abortive transcription assays were run using the lacCONS promoter having its probe target 20A sequence replaced by the WT lacUV5 sequence at registers from +20 to +39 (Fig. S4) . GreA. The stopped reaction aliquots were stored at -20 0 C until running the urea-denaturing PAGE.
Samples were heated for 3 minutes at 90 0 C and loaded on a 23%, (19:1 acrylamide:bis-acrylamide) 0.4 mm thick urea-denaturing polyacrylamide gel. The gel usually ran for 5 to 6 hours at 1500 V in 1x TBE with an additional 0.3M sodium acetate in the bottom well. The gels were then removed, dried, and exposed on a phosphor-storage screen about 2 days. Screens were visualized using a Typhoon PhosporImager.
Magnetic trapping assay
DNA constructs
We designed and had custom-synthesized (Eurofins MWG) DNA fragments flanked by KpnI sites containing a modular region for insertion of a promoter and initial transcript, followed by a transcribed region and a terminator. The modular region is flanked by HindIII and SpeI sites:
where KpnI sites are indicated in red; HindIII and SpeI sites are underlined; and the tR2 terminator is in purple. This transcription backbone was cloned into the KpnI site of the Th. aquaticus RPOC gene, and a 2.2 kbp subfragment of this construct centered about the transcription unit was PCR amplified and subcloned into the XbaI and SbfI sites of pUC18 using HiFi thermostable polymerase (Roche) and PCR primers (XbaI and SbfI sites underlined):
5' GAGAGATCTAGAGACCTTCTGGATCTCGTCCACCAGG and 5' GAGAGACCTGCAGGACATCAAGGACGAGGTGTGG
We then cloned the lacCONS promoter into the HindIII and SpeI sites underlined above using the oligobased dsDNA fragment with the top strand:
5' AGCTAGGCTTGACACTTTATGCTTCGGCTCGTATAATGTGTGGAATTGTGAGAGCGGATTAG
Similarly, we cloned the T5N25 promoter using the dsDNA fragment with the following top strand:
DNA for single-molecule experiments was prepared from freshly grown DH5α by ion-exchange chromatography (Macherey-Nagel), digested with XbaI and SbfI, and the 2.2 Kb band isolated by gel purification and extraction using spin column (Macherey Nagel).
The 2.2 kbp DNA fragments containing the centrally-located transcription unit were ligated at the XbaI site to 1 kbp DNA multiply-labelled with biotin, and at the SbfI site to 1 kbp DNA multiply-labelled with digoxigenin. Labelled DNAs were synthesized via PCR carried out in the presence of dUTP-biotin and dUTP-digoxigenin, respectively (Roche) (43, 44) . Experiments were carried out in standard buffer at 34 o C using 100 pM RNAP saturated with σ70 (prepared as in (45)) and 100 µM A p A (for experiments on lacCONS promoter; we used 100 M A p U for experiments on T5N25 promoter) and 100 µM each of ATP, UTP, GTP and CTP. When added, GreA is at 1 µM.
Single-Molecule experiments
Illustrations
All illustrations of RNAP transcription initiation and elongation states have been prepared in Adobe
Illustrator CC 2015 (San Jose, CA, USA). 
